1. Introduction {#sec1}
===============

Water is the foundation of life and an indispensable natural resource. Potable fresh water has particular value. Unfortunately, a significant number of people in the world do not have access to good quality and safe drinking water. The quality of drinking water, whether surface or groundwater, has a significant impact on the human health \[[@bib1], [@bib2], [@bib3]\]. Therefore, a number of works are devoted to assessing the risk for human health from the quality of drinking water \[[@bib4], [@bib5], [@bib6]\]. In general, monitoring of the quality of waters, including drinking waters, is an urgent task \[[@bib7], [@bib8], [@bib9]\]. Programs and monitoring systems are developed \[[@bib10], [@bib11], [@bib12], [@bib13]\].

In a number of countries around the world, well waters, which can be sensitive to pollution of both of natural and anthropogenic origin, play an important role as sources of drinking water \[[@bib14]\]. Assessment of the quality of well and groundwaters suitable for drinking or other purposes is carried out in several countries of the world \[[@bib15], [@bib16], [@bib17], [@bib18]\], especially if they have significant sources of pollution. In most cases, the quality assessment and monitoring of drinking well water is carried out according to standard physicochemical or microbiological parameters \[[@bib19], [@bib20]\], but drinking water is an important source of microelements for humans. The microelement composition of drinking well water in Transcarpathia has not been assessed previously, while more than half of the region\'s population use well water as a source of drinking water. Such assessment is relevant for several reasons. Firstly, Transcarpathia has a pronounced geological and geochemical diversity (elevation difference from 100 m to 2100 m), more than half of the region belongs to mountainous or foothill areas. Moreover, within one district, the elevation difference can exceed 1 km. Secondly, the young Carpathian Mountains have high tectonic and geological activity, which can affect the microelement composition of groundwater. About half of the area of the region is covered by forests, more than 13% is the territory of the nature reserve zone, so the microelement composition of groundwater can reflect the geochemistry of different regions (natural quality). Thirdly, the aquifers of Transcarpathia are unprotected and only about 20% are relatively protected.

In this study there are presented the results of screening of the microelement composition of well drinking water of Transcarpathia for 14 chemical elements (total content), which play an important role in human life. The study covered all areas of the region taking into account the topographic and geochemical features of the territories.

2. Materials and methods {#sec2}
========================

2.1. Sampling and sample preparation {#sec2.1}
------------------------------------

The study was carried out in the summer of 2018. Samples of drinking well water were taken from a depth of 4--10 m, depending of the source. Within each district, 10 samples of well water by volume of 1.0 L were taken, taking into account the area of the district, topographic and geochemical conditions. The sample was averaged proportionally. Well water parameters were determined in the same day in the laboratory without preservation of the sample. The location of the research areas taking into account the landscape diversity is shown in [Figure 1](#fig1){ref-type="fig"}. The study was carried out in three landscape areas: mountainous area (3 districts: Rakhiv, Mizhhirya and Vokjvets), foothill area (6 districts: Svaliava, Tiachiv, Velykyi Bereznyi, Perechyn, Irshava and Khust) and lowland area (4 districts: Uzhhorod, Mukachevo, Beregove and Vynogradiv).Figure 1Fragment of tectonic map of Ukrainian Carpathians (Transcarpathian region). Research areas (district): 1 -- Rakhiv; 2 -- Mizhhirya; 3 -- Volovets; 4 -- Svaliava; 5 -- Tiachiv; 6 -- Velykyi Bereznyi; 7 -- Perechyn; 8 -- Irshava; 9 -- Khust; 10 -- Uzhhorod; 11 -- Mukachevo; 12 -- Berehove; 13 -- Vynogradiv.Figure 1

[Figure 1](#fig1){ref-type="fig"} shows that the studied lowland areas (Uzhhorod, Mukachevo, Berehove and Vynohradiv districts) are located within the Transcarpathian deflection. The foothill territories (Perechyn, Velykyi Bereznyi, Svaliava, Irshava, Khust and Tiachiv districts) are located in different territories and cover the Volcanic Carpathians, Marmara massif, outer flysch areas and partially inner covers and rock zones. Mountain areas (Rakhiv, Mizhhirya and Volovets districts) are located on the outer flysch areas (Krosno Zone) and the inner covers and rock zones.

To compare the results, we used bottled drinking water of natural origin (Transcarpathian region).

2.2. Geology of Transcarpathian region {#sec2.2}
--------------------------------------

Detailed information on the geology of the Transcarpathian region (including the studied territories) is represented in the work \[[@bib21]\]. [Figure 2](#fig2){ref-type="fig"} presents a fragment of the Ukrainian Carpathians (Transcarpathian region) geological map. It can be seen that the geology of the studied areas is complex and is represented mainly by Cenozoic sediments and, to a lesser extent, by Mesozoic sediments.Brief geological description of the studied territories ([Figure 2](#fig2){ref-type="fig"}):Uzhhorod district (lowland territory): Pliocene and Neogene;Mukachevo district (lowland territory): Pliocene, Neogene and Miocene;Berehove district (lowland territory): Pliocene and Miocene;Vynohradiv district (lowland territory): Pliocene;Perechyn district (foothills): Paleogene, Oligocene and fragmentary Paleocene-Eocene and Lower Cretaceous;Velykyi Bereznyi district (foothills): complex combination of Paleogene, Upper Cretaceous-Eocene, Lower Cretaceous, Upper Cretaceous and Oligocene-Lower Miocene;Svaliava district (foothills): complex combination of Paleogene, Oligocene-Lower Miocene, Upper Cretaceous-Paleogene and Lower Cretaceous;Irshava district (foothills): complex combination of Neogene, Miocene and Upper Cretaceous-Eocene;Tiachiv district (foothills): mainly Miocene with elements of Eocene and Upper Cretaceous;Khust district (foothills): relatively uniform combination of Miocene, Pliocene and Neogene;Volovets district (mountainous area): a complex combination of Oligocene-Lower, Upper Cretaceous Eocene, Paleogene and Paleocene-Eocene;Mizhhirya district (mountainous area): Paleogene, Paleocene-Eocene with elements of the Oligocene-Lower and Cretaceous;Rakhiv district (mountainous area): a complex combination of Lower Cretaceous, Upper Cretaceous-Eocene, Cretaceous and Upper Cretaceous.Figure 2Fragment of geologic map of Ukrainian Carpathians (Transcarpathian region).Figure 2

2.3. Analytical methods and instruments {#sec2.3}
---------------------------------------

All chemicals used were analytical grade, and double-distilled water used throughout the work. Standard methods were used to determination the concentration of chemical elements in well water \[[@bib22]\]. Electrothermal atomic absorption spectroscopy (graphite furnace) was used to determine Cu, Zn, Fe, Mn, Mo, and Co (λ, nm: Cu -- 324.8, Zn -- 213.9, Fe -- 248.3, Mn -- 279.5, Mo -- 313.3, Co -- 240.7). Studies were performed on AAS vario® 6 (Analytik Jena AG, Germany). As a chemical modifier used Pd(NO~3~)~2~ (\"Suprapur®\", Merck, Germany). Determination of Ca and Mg content was carried out by flame photometry (λ: Ca -- 423 nm, Mg -- 385 nm, FPA-2-01, LLC Labtime, Russia). The total iodine content was determined by inverse voltammetry (complex Ecotest-VA-iodine, Russia). The determination of F and Br was carried out by potentiometric method (SevenCompact S220, Mettler Toledo, USA), Se -- by fluorimetry method (λabs = 378 nm, λem = 520 nm, Hitachi F-7000, Hitachi Ltd., Japan). The P and As contents were determined by spectrophotometric method (Shimadzu UV-2600, Shimadzu Co., Japan).

2.4. Statistics and mapping {#sec2.4}
---------------------------

This used standard statistical methods, such as the Pearson\'s and Spearman\'s correlation coefficients in the software SPSS Statistics (IBM) and OriginPro (OriginLab Corporation).

The program ArcGIS 10.2.1 \[[@bib23]\] was used to map the territory of Transcarpathian based on the results of screening the microelement composition of well drinking water.

3. Results and discussion {#sec3}
=========================

The results of determination of the microelements of drinking well water are presented in Tables [1](#tbl1){ref-type="table"}, [2](#tbl2){ref-type="table"}, and [3](#tbl3){ref-type="table"}. The results of the study show that drinking well water in Transcarpathia is relatively rich in microelements. The microelement composition of well waters in Transcarpathia can be considered as a natural (baseline) indicator of quality. The gradation of the content of microelements in drinking well water in different landscape zones is obviously due to the geochemical features of the territories.Table 1The results of determination some of metals (total content) in drinking well water of Transcarpathian region (*n* = 6; *P* = 0.95).Table 1Sample watersMicroelement content, μg⋅L^−1^FeCuZnMnMoCoRakhiv district∗53.4 ± 3.73.27 ± 0.368.16 ± 0.7322.8 ± 1.82.33 ± 0.231.72 ± 0.17Mizhhirya district∗327 ± 165.89 ± 0.539.12 ± 0.8236.3 ± 2.33.99 ± 0.311.84 ± 0.18Volovets district∗97 ± 55.30 ± 0.4910.8 ± 0.943.1 ± 2.83.83 ± 0.362.18 ± 0.22Average content for mountainous area159 ± 1684.82 ± 1.559.36 ± 1.4434.1 ± 11.33.38 ± 1.051.91 ± 0.27Svaliava district∗∗139 ± 86.68 ± 0.5412.9 ± 1.147.2 ± 2.94.46 ± 0.422.45 ± 0.23Tiachiv district∗∗109 ± 67.31 ± 0.6329.2 ± 2.267.2 ± 3.63.87 ± 0.352.25 ± 0.21Velykyi Bereznyi district∗∗292 ± 159.09 ± 0.7712.5 ± 1.041.4 ± 2.84.91 ± 0.442.59 ± 0.25Perechyn district∗∗255 ± 149.86 ± 0.8314.7 ± 1.248.9 ± 2.95.28 ± 0.482.66 ± 0.24Irshava district∗∗39.7 ± 3.110.3 ± 0.822.5 ± 1.741.6 ± 2.75.84 ± 0.533.03 ± 0.25Khust district∗∗106 ± 67.55 ± 0.6519.3 ± 1.570.6 ± 3.64.55 ± 0.412.36 ± 0.23Average content for foothill area157 ± 1358.47 ± 1.8318.5 ± 10.752.8 ± 17.84.82 ± 1.022.56 ± 0.47Uzhhorod district∗∗∗96 ± 56.13 ± 0.5531.8 ± 2.239.2 ± 2.46.18 ± 0.562.77 ± 0.25Mukachevo district∗∗∗56.8 ± 3.910.9 ± 0.926.9 ± 2.070.4 ± 3.56.99 ± 0.593.17 ± 0.28Berehove district∗∗∗219 ± 1211.6 ± 0.938.2 ± 2.778.1 ± 3.98.96 ± 0.723.38 ± 0.31Vynogradiv district∗∗∗411 ± 198.19 ± 0.7329.4 ± 2.269.7 ± 3.77.62 ± 0.653.19 ± 0.29Average content for lowland area196 ± 2159.21 ± 3.0831.6 ± 6.664.4 ± 25.27.44 ± 1.523.13 ± 0.36Bottled drinking water14.2 ± 1.23.38 ± 0.398.09 ± 0.737.93 ± 0.814.17 ± 0.382.05 ± 0.21[^1]Table 2The results of determination some of non-metals (total content) in drinking well water of Transcarpathian region (*n* = 6; *P* = 0.95).Table 2Sample watersMicroelement content, μg⋅L^−1^PAsSeIBrFRakhiv district∗51.4 ± 2.62.9 ± 0.21.1 ± 0.10.94 ± 0.11712 ± 9177 ± 9Mizhhirya district∗68.2 ± 3.34.4 ± 0.30.95 ± 0.111.7 ± 0.2989 ± 12471 ± 8Volovets district∗58.9 ± 2.93.5 ± 0.21.3 ± 0.12.3 ± 0.3991 ± 12286 ± 9Average content for mountainous area59.5 ± 8.73.6 ± 0.81.12 ± 0.181.65 ± 0.71897 ± 18578 ± 8Svaliava district∗∗86 ± 44.9 ± 0.31.7 ± 0.22.8 ± 0.31490 ± 16599 ± 10Tiachiv district∗∗60.1 ± 2.96.3 ± 0.31.6 ± 0.22.6 ± 0.32177 ± 207117 ± 12Velykyi Bereznyi district∗∗75.4 ± 3.79.3 ± 0.51.4 ± 0.22.2 ± 0.21073 ± 129112 ± 10Perechyn district∗∗91 ± 58.2 ± 0.52.1 ± 0.22.5 ± 0.31538 ± 167124 ± 13Irshava district∗∗141 ± 713.1 ± 0.72.7 ± 0.32.1 ± 0.21621 ± 17995 ± 9Khust district∗∗98 ± 511.2 ± 0.61.5 ± 0.22.4 ± 0.32109 ± 203119 ± 11Average content for foothill area92 ± 498.8 ± 4.31.8 ± 0.92.4 ± 0.41668 ± 595111 ± 16Uzhhorod district∗∗∗109 ± 510.7 ± 0.62.2 ± 0.23.9 ± 0.42874 ± 284131 ± 13Mukachevo district∗∗∗69.5 ± 3.55.9 ± 0.33.6 ± 0.43.7 ± 0.42919 ± 263101 ± 9Berehove district∗∗∗193 ± 99.3 ± 0.52.1 ± 0.23.5 ± 0.52515 ± 246149 ± 14Vynogradiv district∗∗∗155 ± 717.4 ± 0.93.2 ± 0.34.4 ± 0.43098 ± 291107 ± 10Average content for lowland area132 ± 6310.8 ± 6.62.8 ± 0.83.9 ± 0.52852 ± 337122 ± 27Bottled drinking water24.2 ± 1.2Not detected0.73 ± 0.081.6 ± 0.2886 ± 11273 ± 9[^2]Table 3The results of determination of Ca and Mg in drinking well water of Transcarpathian region (*n* = 6; *P* = 0.95).Table 3Sample watersMacroelement content, mg⋅L^−1^Ca/MgCaMgRakhiv district∗85 ± 410.2 ± 0.68.3Mizhhirya district∗97 ± 515.9 ± 0.96.1Volovets district∗98 ± 517.2 ± 1.05.7Average content for mountainous area93 ± 814.4 ± 4.26.7 ± 1.6Svaliava district∗∗116 ± 613.8 ± 0.88.4Tiachiv district∗∗131 ± 715.4 ± 0.98.5Velykyi Bereznyi district∗∗110 ± 618.3 ± 1.16.0Perechyn district∗∗88 ± 412.9 ± 0.86.8Irshava district∗∗123 ± 613.7 ± 0.89.0Khust district∗∗122 ± 616.9 ± 1.07.2Average content for foothill area115 ± 2715.2 ± 2.87.7 ± 1.7Uzhhorod district∗∗∗109 ± 513.1 ± 0.88.3Mukachevo district∗∗∗139 ± 718.9 ± 1.17.4Berehove district∗∗∗93 ± 512.6 ± 0.87.4Vynogradiv district∗∗∗133 ± 79.7 ± 0.613.7Average content for lowland area119 ± 2613.6 ± 5.39.2 ± 4.5Bottled drinking water58.9 ± 2.914.4 ± 0.94.1[^3]

Compared with bottled drinking water, Transcarpathian well drinking water is richer in microelements.

The Fe content in the investigated drinking well water ranges from 37.9 -- 411 μg⋅L^−1^. In individual water samples, the Fe content exceeds the recommendations \[[@bib24]\], therefore, iron should be removed before drinking this water. Relatively high Fe content in well water is characteristic of all landscape zones of Transcarpathia ([Figure 3](#fig3){ref-type="fig"}). We can see that no pronounced pattern of distribution of Fe in well drinking water for different landscape areas of Transcarpathia is observed. So, a relatively high Fe content is observed in the well water of the Mizhhiryi district (mountainous area), within the Velykyi Bereznyi and Perechyn districts (foothill area), as well as in the Vynogradiv district (lowland area). It should be noted that the problem of high content of Fe in surface and groundwaters is typical for Transcarpathia. In surface and underground water sources the content of Fe can reach up to 6--8 mg⋅L^−1^.Figure 3Map of the distribution of Iron content in the well waters of Transcarpathian region.Figure 3

In the drinking well waters of Transcarpathia, a relatively high content of Cu and Zn is observed, which is typical for copper-zinc geochemical provinces. The Cu content in well water varies between3.27 -- 11.6 μg⋅L^−1^, and Zn -- between 8.16 -- 38.2 μg⋅L^−1^. These indicators comply with drinking water quality standards. For Cu and Zn, a pronounced trand of their distribution in well water of different landscape areas is shown, which can be observed for Zinc ([Figure 4](#fig4){ref-type="fig"}). It can be seen that the well water of the mountainous area contains less Zn than the water of foothill areas and, accordingly, lowlands area. So, the average Zn content in the well waters of the mountainous area is 9.36 μg⋅L^−1^, in the waters of the foothill area - 18.6 μg⋅L^−1^, and in the waters of the lowlands area - 31.6 μg⋅L^−1^ ([Table 1](#tbl1){ref-type="table"}). Average Cu content in well waters of the mountainous area is 4.82 μg⋅L^−1^, in the waters of the foothill area - 8.47 μg⋅L^−1^, and in the waters of the lowlands area - 9.21 μg⋅L^−1^ ([Table 1](#tbl1){ref-type="table"}).Figure 4Map of the distribution of Zinc content in the well waters of Transcarpathian region.Figure 4

The patterns of the distribution of microelements in drinking well water, which are observed for Cu and Zn, are characteristic of most chemical elements (Mn, Mo, Co, As, Se, I, Br, and F), except Fe, Ca and Mg. So, the content of Mn in well water is quite high and varies within 22.8--78.1 μg⋅L^−1^. At the same time, in the well waters of Transcarpathia the relatively low content of Se (0.95--3.6 μg⋅L^−1^), Iodine (0.94--4.4 μg⋅L^−1^) and Fluorine (71--149 μg⋅L^−1^) is observed. The problem of iodine and fluorine deficiency is typical for Transcarpathia \[[@bib25]\], especially for mountainous landscape area. Trends in the content of trace elements in well waters in different landscape areas were estimated using Spearman\'s coefficients.

The content of trace elements in the waters of different landscape zones increases in the series: lowland area \> foothill area \> mountainous area (Spearman\'s coefficients: Cu -- 0.62, Zn -- 0.85, Mn -- 0.69, Mo -- 0.83, Co -- 0.79, P -- 0.74, As -- 0.72, Se -- 0.75, I -- 0.80, Br -- 0.91, F -- 0.73).

The content of Calcium and Magnesium in the well waters of Transcarpathia is quite high (Ca: 85--139 mg⋅L^−1^, Mg: 9.7--18.9 mg⋅L^−1^), however, there is no pronounced regularity of their content for different landscape areas. The ratio of Calcium to Magnesium (Ca/Mg) in the well waters of Transcarpathia also does not have a pronounced regularity ([Figure 5](#fig5){ref-type="fig"}), which is obviously due to the geochemical features of the territories.Figure 5Map of Transcarpathian region by the ratio of Calcium and Magnesium in well waters.Figure 5

We have carried out work to assess the correlation patterns of the interelement composition of drinking well water. The calculation results are presented in the form of a "thermal" diagram ([Figure 6](#fig6){ref-type="fig"}). As we can see from the data in the figure, positive correlations observed for all trace elements. The most pronounced correlations observed for such pairs of trace elements: Co--Mo (r \> 0.95), I--Br (r \> 0.92), Zn--Br (r \> 0.89), Cu--Co (r \> 0.84), Se--Co (r \> 0.84), Mo--P (r \> 0.84), Mo--I (r \> 0.82) и Zn--Mo (r \> 0.80). For Calcium and Magnesium, there is practically no correlation with respect to other microelements. More detailed results of the calculation of interelement correlation patterns are presented in [Table 4](#tbl4){ref-type="table"}. The established patterns allow the prediction of trends in the possible content of certain microelements in drinking well water based on the data of content of other microelements. This will increase the objectivity of screening and monitoring of well water in Transcarpathia.Figure 6Correlation diagram of the interelement composition of drinking well water (Pearson\'s correlation coefficient).Figure 6Table 4The results of the calculation of the correlation patterns (Pearson\'s correlation coefficients) of the interelement composition of drinking well water in Transcarpathian region (r \> 0.5; σ \< 0.05).Table 4-FeCuZnMnMoCoCaMgPAsSeIBrFFeX\-\-\-\-\-\-\-\-\-\-\-\--Cu-X0.560.630.780.84\--0.59-0.64\--0.58Zn-0.56X0.710.800.77\--0.690.550.630.780.890.74Mn-0.630.71X0.660.63\-\-\-\--0.660.740.61Mo-0.780.800.66X0.95\--0.840.630.740.820.770.65Co-0.840.770.630.95X\--0.780.670.840.790.750.63Ca\-\-\-\-\--X\-\--0.62-0.62-Mg\-\-\-\-\-\--X\-\-\-\-\--P-0.590.69-0.840.78\--X0.73-0.56-0.60As\--0.55-0.630.67\--0.73X0.570.580.61-Se-0.640.63-0.740.840.62\--0.57X0.740.78-I\--0.780.660.820.79\--0.560.580.74X0.920.59Br\--0.890.740.770.750.62\--0.610.780.92X0.61F-0.580.740.610.650.63\--0.60\--0.590.61X

4. Conclusion {#sec4}
=============

Based on the screening of the microelement composition (14 chemical elements) of drinking well water in Transcarpathia, patterns of the distribution of chemical elements in waters of different landscape areas were established. It is shown that the chemical composition of well water can be considered as the natural (baseline) indicator of quality of groundwater in Transcarpathia, taking into account topographic and geochemical features of the territories. The content of most microelements (Cu, Zn, Mn, Mo, Co, As, Se, I, Br, and F) in the well waters of mountainous areas is much lower than in the waters of foothill and lowland areas. Several problems of drinking well water in Transcarpathia have been identified. Firstly, it is a relatively high content of Fe in water (37.9--411 μg⋅L^−1^), which requires its removal before use. High iron content (\>300 μg⋅L^−1^) is characteristic of waters of different landscape areas. Secondly, drinking well waters of Transcarpathian have low content of Se (0.95--3.6 μg⋅L^−1^), Iodine (0.94--4.4 μg⋅L^−1^) and Fluorine (71--149 μg⋅L^−1^). The problem of iodine and fluorine deficiency is typical for Transcarpathian, especially for mountain landscape zones. Correlations for the interelement content of chemical elements in the drinking well waters of Transcarpathia are found. The most pronounced correlations are observed for such pairs of trace elements: Co--Mo (r \> 0.95), I--Br (r \> 0.92), Zn--Br (r \> 0.89), Cu--Co (r \> 0.84), Se--Co (r \> 0.84), Mo--P (r \> 0.84), Mo--I (r \> 0.82) и Zn--Mo (r \> 0.80). This allows us to predict the content of some chemical elements in well water based on data on the content of other chemical elements, which will increase the objectivity of monitoring studies.
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[^1]: Note: ∗ - mountainous area; ∗∗ - foothill area; ∗∗∗ - lowland area.

[^2]: Note: as in [table 1](#tbl1){ref-type="table"}.

[^3]: Note: as in [table 1](#tbl1){ref-type="table"}.
